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Abstract

The form factors of the descendant operators in the massive Lee-Yang model are determined
up to level 7. This is first done by exploiting the conserved quantities of the integrable theory
to generate the solutions for the descendants starting from the lowest non-trivial solutions in
each operator family. We then show that the operator space generated in this way, which is
isomorphic to the conformal one, coincides, level by level, with that implied by the S-matrix
through the form factor bootstrap. The solutions we determine satisfy asymptotic conditions
carrying the information about the level that we conjecture to hold for all the operators of
the model.



1 Introduction

A massive quantum field theory can be seen as the perturbation of a fixed point (conformal)
theory by relevant or marginally relevant operators. The perturbation spoils some simple fea-
tures of the conformal point, as the power law behavior of two-point functions, but preserves
some structural properties. In particular, the operator space of the massive theory is expected
to be isomorphic to that of the conformal theory. In principle, this expectation can be checked
in 1+ 1 dimensions even for non-trivial fixed points, due to the existence of integrable quantum
field theories. What makes the check far from obvious is that the operator content at and away
from criticality is determined in two completely different ways.

On one hand, the operator content at the conformal point is dictated by the representation
theory of the Virasoro algebra underlying the infinite dimensional conformal symmetry in two
dimensions [I]. This reveals a structure of operator families, each consisting of a primary op-
erator and an infinite tower of descendants organized into multiplets (levels) labeled by integer
spaced scaling dimensions. On the massive side, instead, integrable quantum field theories are
solved through the exact determination of the S-matrix [2]. The operators are then constructed
determining their matrix elements (form factors) on the particle states as solutions of a set of
functional equations [3, 4.

It was first shown in [5] for the thermal Ising model, and later for more complicated models
[6, 7, 8], that the global counting of independent solutions of the form factor equations matches
that expected from conformal field theory. This counting procedure for the form factor solutions,
however, disentangles neither the operator families sharing the same symmetry properties nor
the levels of the descendants.

In this paper we tackle the problem of the detailed isomorphism between the critical and
off-critical operator spaces for the simplest interacting massive theory, the Lee-Yang model.
The previously available results for the operators of this model concern the non-trivial primary
operator [0] and the first non-trivial scalar descendant T'T of the identity family [I0]]. We exploit
the first few quantum integrals of motion of the theory to determine, for the two operator
families of the model and for each level up to 7, a number of independent form factor solutions
coinciding with the number predicted by conformal field theory. We then show that the operators
constructed in this way do form a basis for the space of solutions of the form factor equations
up to level seven. This is achieved by supplementing the form factor equations with asymptotic
conditions carrying the information about the level. We also show that all the new solutions
determined in this paper automatically satisfy the asymptotic factorization property for the
descendant operators conjectured in [I0].

The paper is organized as follows. In the next section we recall the structure of the operator
space at criticality as well as the S-matrix and form factor language used for the integrable
massive deformations. In section 3 we specialize the discussion to the Lee-Yang model before
turning to the construction of the off-critical descendant operators through the use of the con-

served quantities in section 4. In section 5 we show the isomorphism with the operator space



spanned by the solutions of the form factor equations, while section 6 contains few final remarks.

Three appendices conclude the paper.

2 Critical and off-critical operators

The operators at a critical point undergo the general conformal field theory classification [I]. A
scaling operator ®(z) is first of all labeled by a pair (Ag,Ag) of conformal dimensions which

determine the scaling dimension X¢ and the euclidean spin s¢ as

Xo :zA¢'+z&¢ (21)
Sp = Aq;. — Aq;.. (22)

Locality requires that s¢ is an integer or half-integer number. There exist operator families

associated to the highest weight representations of the Virasoro algebra
c
(L, Lin) = (n — m) Ly yn + En(n2 — 1)8ntmo - (2.3)

The L,’s generate the conformal transformations associated to the complex variable z = z1+ixs,
with the central charge c labeling the conformal theory. The same algebra, with the same value of
¢, holds for the generators L,, of the conformal transformations in the variable Z = x1 —ixo. The
L,’s commute with the L,,’s. Each operator family consists of a primary operator ®y (which
is annihilated by all the generators L, and L, with n > 0) and infinitely many descendant
operators obtained through the repeated action on the primary of the Virasoro generators. A

basis in the space of descendants is given by the operators

L ...L_;,L_j ...L_;, ® (2.4)
with
0<ip<ig <. .. <1y (2.5)
0<ji<jp<...<j5. (2.6)
The levels

1 J
0.0 = (zin,z@ )
n=1 n=1
determine the conformal dimensions of the descendants (Z4)) in the form

(A,A) = (Agy + 1, Ap, +1). (2.8)

In general the number of independent operators at level (I,1) is p(I)p(l), p(l) being the number
of partitions of [ into positive integers. This number is reduced in presence of degenerate
representations associated to primary operators ¢, s which possess a vanishing linear combination

of descendant operators (null vector) when [ or [ equals rs.



Any conformal theory possesses a primary operator corresponding to the identity I with
conformal dimensions A; = A; = 0. All the chiral descendants T and T of the identity at level
(s,0) and (0, s), respectively, are local operators satisfying the conservation equations (0 = 0,,
0=0;)

OTs =0 (2.9)

OTs =0 (2.10)

associated to the infinite dimensional conformal symmetry. Since L_; = 9 and L_; = 0, the
first non-vanishing chiral descendants in the identity family are 7 = L_oI and T = L_5I. They

coincide with the non-vanishing components of the energy-momentum tensor at criticality.

We can see a massive theory as the perturbation of a conformal theory. Considering for the

sake of simplicity a single relevant perturbing operator ¢(z), we have the action

A= Acrr + g/d% (). (2.11)

From the point of view of perturbation theory in g, a well defined renormalization procedure
can be implemented to continue the conformal operators away from criticality [9, [[T], with the
result that the operators of the perturbed theory (TII]) are in one to one correspondence with
those of the conformal field theory corresponding to g = 0 [2]. A source of ambiguity in the
definition of the off-critical operators appears in presence of "resonances” [2] (see also [12]). An
operator ¥ is said to have a resonance with the operator ® if the two operators have the same
spin, sy = s¢, and their scaling dimensions satisfy the condition Xy = X¢ 4+ n(2— X,,) for some
positive integer n. In such a case the ambiguity ¥ — W + constant ¢"® mixes two operators
which at criticality are distinguished by a different scaling dimension.

The theory (ZI1J) is integrable if operators O (z) with spin s exist such that the conservation

equations (Z3) can be deformed into the off-critical form
0T, = 00, _» (2.12)

for an infinite set of integers s which is specific of the model (similarly, ([ZI0) acquires a total

derivative with respect to z on the r.h.s.) [2]. Then the quantities

+oo
Qs = / dzy [Tsy1 + Os1] (2.13)

—00

with spin s > 0, together with their counterparts Qs with spin —s, are conserved in the massive
quantum field theory. In particular, ©y = © ~ gy is the trace of the energy-momentum tensor,
and Q1 = P° + P! and Q; = P — P! are the light-cone components of energy-momentum.
The existence of an infinite number of conserved quantities induces the complete elasticity
and factorization of the scattering processes, and allows the exact determination of the S-matrix

[13]. In such a framework, the operators are constructed determining their matrix elements on



the asymptotic particle states. In order to avoid inessential complications of the notation we
consider here the case in which the spectrum of the theory (TI1I) possesses a single particle of

mass m ~ ¢g'/(2=X¢) The matrix elements (form factors)
F2(61,...,0,) = (0]®(0)[6; ...6,) (2.14)

of the local operator ®(z) between the vacuum and the n-particle states' in the integrable theory

satisfy the functional equations [3, 4]

E2(01 +a,....0n0+a)=e*F2(0y,....0,) (2.15)
F201,...,00,0i11,...,0,) =5(0; —0;,1) EX(01,...,0i11,0i,...,6,) (2.16)
F2(0) + 2im,0,,...,0,) = F2(0y,...,0,,601) (2.17)
Resgr_g F2, (0 + %ﬂe - %T,el, 0,) =T E®(0,61,....,0,) (2.18)

Resg—g4in Fryo(0',0,01,...,0,) =i [1= [ S0 —0;)| Fx(6r,...,0,), (2.19)
j=1

where S(0) is the two-particle scattering amplitude, and the three-particle coupling I is obtained
from

Resg_pin/35(0) = il”. (2.20)

Of course the resonance angle in the last equation as well as in (ZI8]) will take more general
values when spectra with particles of different masses are considered.

The equations (ZIH)—ETI9) do not distinguish among operators with the same spin s¢. It
was shown in [I4] for reflection-positive theories that the conformal dimensions determine a
quite restrictive upper bound on the asymptotic behavior of form factors at high energies. In
general, it is natural to expect a relation between the asymptotic behavior and the level an
operator of the massive theory belongs to in the conformal limit. Indeed, the equations [ZIH)—
(ZI9) admit “minimal solutions” characterized by the mildest asymptotic behavior, which are
associated to the primary operators. The asymptotic behavior of the non-minimal solutions,
which should correspond to the descendants, differs by integer powers of the momenta from that
of the minimal ones (see [I0]), a pattern that obviously recalls the integer spacing of levels in
the conformal limit. Needless to say, the high energy limit is in fact a massless limit toward the
ultraviolet conformal point.

Given a solution of the form factor equations corresponding to an operator ®, the conserved
quantities Qs (as well as the Q) can be used to generate infinitely many new independent
solutions. Indeed, the commutator [Qs,®] is the operator with conformal dimensions (Ag +

s, Ag) corresponding to the variation of ® under the transformation generated by Q,. On the

'The rapidity variables @) parameterize the on-shell momenta of the particles as (ph,pr) =
(mcosh 0, msinh 6;). The generic matrix elements with particles also on the left can be obtained by analytic
continuation of ([ZTI4).



other hand, the conserved quantities annihilate the vacuum and act diagonally on the asymptotic

particle states as?
Qslbr, ..., 0n) = A (61,..,60,) |01, .., 0n) (2.21)
Qsl01,....0,) = A (01, ..,0,)101,...,0,), (2.22)
where .
AP (01, ..,0,) = mP1 D el (2.23)
i=1
Then, writing for simplicity from now on Q,® instead of [Qs, ®] and Qs® instead of [Qs, P], we
have
F9®0y,...,0,) = —AY (61,..,0,) F2(61,....,6,) (2.24)
FQ2(0y,...,0,) = —AC9 (601,..,0,) F2(61,...,0,). (2.25)

It is straightforward to check that these expressions satisfy the general form factor equations
&TH)-ETID) for operators with spin s + s and s¢ — s, respectively. Equation (ZI9) leads to
the condition

%0 4 es0F+im — (2.26)

showing that the values of the spin s of the conserved quantities need to be odd. Finally, if
I' # 0, equation ([ZIX) gives the condition

eisw/?; + e*is7r/3 =1, (2.27)

showing that, in a theory with a single particle A in the spectrum and admitting the fusion

AA — A, the allowed values for the spin of the conserved quantities are

s=6n+tl, n=0+1,+2... . (2.28)

3 The Lee-Yang model

3.1 Ceritical point

The Lee-Yang model is the quantum field theory associated to the edge singularity of the zeros
of the partition function of the Ising model in an imaginary magnetic field [I5, 16, [I7]. The
critical point is described by the simplest conformal field theory [I8], i.e. the minimal model
My 5, with central charge ¢ = —22/5, possessing only two local primary operators: the identity
I = ¢11 = ¢1,4 with conformal dimensions (0,0), and the operator ¢ = ¢12 = ¢1 3 with
conformal dimensions (—1/5,—1/5). The negative values of the central charge and of X, show

that the model does not satisfy reflection-positivity.

2Equations EZI) and ZZZ) also fix our normalization for the conserved quantities.



Level of the descendant H 1 ©®

(1,0) 0 D

(2,0) T 0%p

(3,0) or D3

(4,0) 0T oo Ly

(5,0) 3T P OL_49

(6,0) NT 5 LyT | % ;5 O°L_yp; L gp
(7,0) T ; OL_,T | 07p; O3L_4p; OL_gp

Table 1: Basis for the left chiral descendants of the two primary fields in the Lee-Yang model
up to level 7 in terms of Virasoro generators. The corresponding basis for the right descendants

is obtained changing 9, L_,, and T into 0, L_, and T, respectively.

The degenerate nature of the primary fields reduces the dimensionality of the space of the

level (1,1) descendants of the primary ¢ to dy(l)dg(l), with dy(n) generated by the rescaled

character

Xola) =) dy(n)g". (3.1)
n=0

The two characters for the Lee-Yang model are [19, 20, 21]

> 1
x1(q) = }_[o (1 — ¢25n) (1 — ¢3+5m)

e e}

1
ch(Q) = 7!_10 (1 — g1+5m) (1 — g4+on)

The dimensionalities of the first few levels can then be read from the expansions
Xi(@) =146+ + ¢ + ¢ + 26"+ 2¢" + 3¢° + O(¢")

Xo(@) =1+ q+¢*+ ¢ +2¢* +2¢° + 3¢° + 3¢" + 4¢° + O(¢°).

A basis for the chiral descendants up to level 7 is given in table 1.

At the conformal point the conserved quantities Qs are combinations of the Virasoro gen-
erators L, with dimensions (s,0), while the Q4 are combinations of the L, with dimensions
(0,5). However, since Qs and Q are conserved in the massive theory and act diagonally on
the particle states, they are much more convenient than the Virasoro generators for labeling
the descendant operators in view of the off-critical continuation. This is why we exploit the
existence of conserved quantities with spin 5 and 7 in the Lee-Yang model to switch from the

basis of table 1 to that given in table 2. Here the descendant operators S4T', Ry and Rgp are



Level of the descendant H 1 ®

(1,0) 0 I

(2,0) T D¢

(3,0) or P

(4,0) 0T 0*¢ ; Ry

(5,0) T e ; Qsp

(6,0) T 5 S4T | 9% ; 0Qsp ; Rep
(7,0) T 5 QsT | ¢ ; 0*Qsp 5 Qrp

Table 2: Basis for the left chiral descendants of the two primary fields in the Lee-Yang model
up to level 7 exploiting the conserved quantities. An analogous basis exists for the right chiral

descendants.

defined through the relations

QsT = 05,T (3.2)
Qs = OR4p (3.3)
Q7 = ORsyp . (3.4)

The descendant operators S4T', Ry and Rgp defined through the relations

QsT = 0S8, (3.5)
Qs = OR4p (3.6)
Qe = ORgy (3.7)

appear in the right chiral basis.

The linear independence between 9°T and Q5T ensures that we can write Q5T ~ 9°T +
adL_4T, with a # 0. Then ([B2)) ensures that S47T" contains a non-vanishing component of L_4T.
Similar considerations apply to the other operators we have defined through (B2)—(B). Then

we write

Sy ~ ot + al_4, 54 ~ 0 + al_L_4
Ry~ 0" +bL_y, Ry~ d*+bL_y4
Rg ~ 0%+ cO?’L_4 +dL_g, Rg~ 8%+ cO’L_y+dL_g,

with a, b and d different from zero.

3.2 Scaling limit

The off-critical Lee-Yang model is obtained perturbing the conformal field theory Ms 5 with the
primary operator ¢, which is the only non-trivial relevant operator in the theory. The massive

model is integrable as a consequence of the general results of [2] about perturbed conformal



field theories. The mass spectrum contains only one particle A and the exact on-shell solution
is provided by the S-matrix [22]

tanh % 6+ QZT”)
o 3 (6 25

S(6) = (3.8)
where 6 is the rapidity difference of the two colliding particles. The bound state pole located at
6 = 2im/3 implies the fusion property AA — A, so that the model possesses conserved quantities
with the spins given in (Z2§]).

The trace of the energy-momentum tensor © = T};/4 is proportional to the perturbing
operator ¢ and from now on we refer to O instead of ¢ in the off-critical theory. The form

factors of © were determined in [23, 9] (see also [6]) and can be written as

Fo (0, — 0.
FO0y,...,0,)=U°(6:,...,0,) — _’””‘(61 ;) . (3.9)
n n 0;—0; 1
i< cosh =~ [cosh(@i —0;)+ 5]

Here the factors in the denominator introduce the bound state and annihilation poles prescribed

by [ZI])) and ZI9), while

0 *dt  cosh§ (im — )t
Finin(0) = —isinh - 2 [ — in® 3.10
(6) (SR eXP { /0 t cosh smht o 2w } (3.10)
is a solution of the equations
F(9)=S(0)F(—-0) (3.11)
F(0 + 2im) = F(—0) (3.12)
free of zeros and poles for Imf € (0,27) and behaving as
Frin (6) ~ ¢’ (3.13)
when |§| — oco. Finally, U9(6y,...,6,) are the following entire functions of the rapidities,
symmetric and (up to a factor (—1)"~!) 27i-periodic in all §;’s:
1 (n=1)/
U® (6y,..,0,) = H, <W> Q9 (64, ..,0,) . (3.14)
On

(n)

Here o; " are the elementary symmetric polynomials generated by

Hw—i—xl Zx” k ( (X1, zp), (3.15)

with z; = e, H,, = in’ (3/4)"/4 ,yn(n—2)7

% gt sinh £ sinh £ sinh £
_ 2 2 3 6 3.16
T exp { /0 t sinh? ¢ } ’ ( )




and Q9 (01, ...,6,) is the determinant

2

e __m™n H (n)
01,...,0,) = ———=det || M 3.17
QROr,... ) =~ det | AL (3.17)

of the (n — 1) x (n — 1) matrix with entries
M; " = o %ﬂ 2 - (3.18)
The conservation equations

oT = 00, oT = 00 (3.19)

allow the determination of the form factors of the other components of the energy-momentum

tensor in the form

(n) _(n)

Op O
Froy,...,0,) = —T)l ES(0y,...,6,) (3.20)
On-1
(n)
_ o™
Fl(o,,...,60,)=— ﬁﬂ?(al,...,en) (3.21)
oy On

for n > 0. Of course (T) = (T) = 0 as for any operator with non-zero spin. The factors in
the denominator of the last two equations do not introduce unwanted singularities since the

(n) (n)

functions QY have the property of factorizing o, and o, , respectively the eigenvalues® of 9

and 0 on the n-particle asymptotic states.

4 Off-critical descendants from conservation laws

In this section we show how the form factors of all the descendant operators in the massive
Lee-Yang model up to level 7 can be obtained starting from the known solutions for ©, T, T
and TT exploiting the conserved quantities of the integrable model.

All the solutions we find in this way automatically satisfy the following asymptotic properties
that we conjecture to hold for all the operators of the theory?:

i) the form factors of a level (I,1) non-chiral descendant i) of the primary ®( are homoge-
neous functions, with respect to the variables z; = €%, of degree | — [ (eq. ([ZIH)), furthermore
behaving as

Fa ™D (0) 4 ooy O + @, O i1,y O) ~ &1 (4.1)

3More precisely
A6, ...,0,) = —ima\™|01,...,0,) 3 B|6h,...,00) =im&\"|61, ..., 00)
where

65") = a,(:i)i/a,(f).

4We show in appendix B that these properties hold for all the descendant operators obtained acting on a

primary with conserved quantities.



for « — 400, n>1 and 1 <k <n — 1. This equation holds also for the chiral descendants of
O, while the chiral descendants of I of level (,0) and (0,1) have form factors with homogeneous

degree [ and —I, respectively, and behave as

FE (0) 4 ooy O+ 0 1, ooy B) ~ D0 ELOD (01 £ O+, Oty ) ~ O
(4.2)
fora— 4+oo,n>1and 1 <k<n-—1;
ii) let us denote by £;£;®¢ a level (I,1) descendant which in the critical limit assumes the
form () with £, (£;) accounting for the product of L_; (L_;). Then the factorization property

1 _
Llﬁ o (91 + a, --aek —|—Oé,9k+1,..,9 ) = —Fﬁlq)() (91, >9k) FE (9k+1’ 79 )

(4.3)

li —la
ampoo © (@) *

holds for K =10,1,...,n

4.1 Descendants of ©

The form factors of the descendants of © obtained acting on the primary with the conserved
quantities are defined without ambiguity by ([224]) and ([Z2H). Then we are left with the problem
of fixing the form factors of the operators obtained acting on © with R4 , Rg and their negative
spin counterparts. We know from (B3)), (B4, BH) and BI) that at criticality these operators
differ by derivatives from operators obtained through the action of conserved quantities. Since
the form factors of © factorize the eigenvalues of 99, this property is automatically satisfied also
in the massive theory. Indeed, stripping off in each case the appropriate derivative eigenvalue

we can write

FR® — (imayl))il F59, F,{%‘*@ = ( zmagn)> F§5@
FRe© = (ima§">>_1F,?79, Ffied — (=ima(™) ' p@e
FRafi© _ (m Op (n)) ' 5050 Flafe® _ <m Op (n)) ' pQsQre
FReRe® _ (m oM (n))*l F@rQme. FReRi® _ <m oM (n))*l FQQs6.

The form factors of ©® given in the previous section satisfy the asymptotic factorization
property (k=0,1,...,n)
1
FR(01,..,01)F° . (O11, ., 0,) (4.4)

n

Jim E2 (01 + a0 + @, Op 1, ., 0n) = ©

10



discussed in [24], with

@ =rd=-""_, (4.5)

This value of the vacuum expectation value was originally obtained in [25] using the thermody-
namic Bethe ansatz.

The factorization properties of the eigenvalues of the conserved quantities given in appendix
B then ensure that the solutions determined above satisfy 3)) with &y = ©. This in turn
implies the asymptotic behavior (EII).

4.2 Descendants of the identity

The matrix elements of the chiral descendants of I obtained through conserved charges are again
fixed by (224 and ([ZZH) together with the solution for 7' and T given in the previous section.
Concerning the remaining chiral operators S47" and S4T', we observe that the form factors of T’
and T factorize the eigenvalues of 9% and 02, respectively. We can then exploit () and (B3]
to write
ST = (ima§")>_1 F@T | pSiT = (—ima§")>_1 F@T (4.6)
We can now turn to the problem of identifying the off-critical continuation of the non-chiral
descendants of I. The first of such operators is T7T. It was shown in [26] that this operator can

be conveniently defined away from criticality as

TT(z) = lim [T(2)T(2") = Ry (@, 2)], (4.7)
where
Rpp(x,2") = O(x)O(z") + derivative terms (4.8)

regularizes the divergences arising in the limit away from criticality. The matrix elements of 7T
in the Lee-Yang model have been identified in [I0] and read
_ @ _ _
pr7 = 9) prde | ()2 pis 9 (0)FO 4 () 6,0+ ¢ FIP. (4.9)

n mi n

The kernel solution (see next section) FX3 is given explicitly in [T0] up to n = 9. The operator
900 is resonant with T'T, so that the coefficient ¢ in () is intrinsically ambiguous.

Going to higher non-chiral descendants of the identity, consider those operators which are
obtained as regularized products of conserved quantities acting on 7" and 7. It is shown in
appendix A that the subtraction which regularizes the operator () regularizes also these

composite operators. We exploit, however, the possibility of adding resonant terms pj, and

write
QQTT(x) = QsQr (TT) () + Y _ crp() (4.10)
k
or in terms of form factors,
F@TT — NOACIEIT 43" e e (4.11)
k

11



The role of the resonances is the following. We know from table 2 and equations (B2)-(B7) that
at criticality some of the operators we are considering are derivatives of operators living one
level below. We expect this property to continue to hold in the massive theory and have seen
how this is automatically achieved for the descendants of ® and the chiral descendants of I.
Concerning the non-chiral descendants of I, the form factor solution for 7T does not factorize
any derivative eigenvalue (see [I0]), and this property is not guaranteed a priori. Remarkably,
however, it can be recovered by fine tuning the coefficients of some of the resonant terms in the
last equation.

To see this, observe first that, since 7T and © have conformal dimensions (2,2) and (1,1),
respectively, the level (p, q) descendant of I is resonant with the level (p — 1,q — 1) descendants
of © for p and ¢ larger than 1. Letting aside for the time being the operators containing S4 and
Sy, for p and ¢ less than 7 the above requirement only forces the coefficients of resonances like
R,00, OR40 and R4R,0 (which do not contain the required derivative terms) to vanish.

A more interesting situation arises when considering the descendants of I containing ()5 or
Qs acting on TT. At level (7,2) we have two operators, QsTT and 9°TT, which away from
criticality are resonant with the space of level (6,1) descendants of © spanned by Q59000, 9500
and Rg0O. The latter operator, with form factors
&%")

iR

FRe0O — Z1_\(Np® (4.12)
is the only one among the resonant operators which does not contain a derivative with respect to
z. The requirement that also away from criticality the operators Q51T and 0°TT are derivatives
with respect to z of the two level (6,2) descendants of I is satisfied with the following unique
choice of the coefficients of Rg0©

PTT(z) = 0° (TT) (z) (4.13)
_ _ 5  _
QsTT(x) = Q5 (IT) () — - R600(z). (4.14)
Notice that, since the composite operator TT already includes the resonant term 09O in its

definition (see @M)), the resonances Q5090 and 9%°9O are automatically included in the space
spanned by ([EI3)) and [I4]). The same analysis gives

PTT(z) = 9° (TT) (z) (4.15)
QsTT(x) = Qs (TT) (z) - ga}‘zﬁe@) (4.16)
at level (2,7), and
OPPTT(z) = 0°9° (TT) (z) (4.17)
QsQsTT(x) = Q505 (TT) (z) - 2365@@@) _ gan,Rﬁe(x) (4.18)
Qs TT(x) = Qs (TT) (x) gaﬁ‘z:zﬁe)(x) (4.19)
FQsTT(x) = 5Qs (TT) (x) gR(ﬁG@(x) (4.20)

12



at level (7,7).
We are now in the position of dealing straightforwardly with the operators S4TT, S4TT and

S4S4TT. Indeed, the construction above ensures that the equations
QsTT = 0S,TT ;: QsTT =0S,TT ; QsQsTT = 00S4S,TT (4.21)

hold also away from criticality, so that we can write the form factors

_ 1 - 5™
ST = (—ima(™) " (AP FIT 201\ pe (4.22)
7o
S4TT () 5) pI'T 50" 7) 7©
FSTT (ima'l > AGYFIT 4 2L AT RS (4.23)
75
SuTT (m) () 1 r, 50y 501"
FSaSaTT (mQUln 5" ) AOACD TT o 221 AMACD O 4 221 AT AG) pO
7 O'(n) 7 5—%71)
(4.24)

Since all the non-chiral descendants of the identity up to level 7 can be obtained taking
derivatives of the operators T, S4TT, S4TT and S4S,TT, our discussion is now complete.

The factorization properties of the eigenvalues of the conserved quantities together with

B20), B2T), E4) and

m e 2FTT (0 + o, .., 0p + 0, 01, -, 00) = FL (01, .., 00) FL_ ). (01, -, 0n) (4.25)

n
a——400

(k=0,1,...,n) imply that the form factors of the descendants of the identity we determined sat-
isfy ([E3)) with &y = I. In particular, the chiral and non-chiral descendant satisfy the asymptotic

behavior [{2) and (EII), respectively.

5 Comparison with the form factor bootstrap

In the previous section we used the conserved quantities to construct, starting from the form
factor solutions for the energy-momentum tensor and 7T, all the operators in the massive Lee-
Yang model as expected from the conformal structure of the operator space, level by level up
to level 7. In this section we want to show that exactly the same operator space is generated
by the solutions of the form factor bootstrap equations (ZI0)-([ZI9) supplemented by the level-
dependent specification (]) on the asymptotic behavior. We do this explicitly for the scalar
operators of level (I,1) up to [ = 7, thus generalizing what had been done in [T0] for [ < 2.

An essential role in this analysis is played by the so-called kernel solutions. We call minimal

scalar N-particle kernel the solution

FgN (s, ...,0n) =2V "V Hy H Fin(0i — 0;) (5.1)
1<i<j<N
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of the form factor equations ([ZI0)-EI%) with s = 0, n = N and zero on the r.h.s. of [ZI)
and (ZTI9). This kernel is minimal in the sense that it has the mildest asymptotic behavior for

large rapidities. The other scalar N-particle kernels are given by
Un (01, ..,0N) Fi™ (61, ..., 0n) (5.2)

where Uy (61, ..,60n) is a scalar entire function of the rapidities, symmetric and (up to a factor
(—=1)N=1) 2mi-periodic in all #;’s. We call N-particle kernel solution the solution FY¥'N of the
form factor equations having (£2) as initial condition (FYN*N = 0 for n < N and the M-particle
kernel solutions arising for M > N are ignored).

It follows from (BI3]) that

FEN (014 o, O + @, 01, vy O) ~ PO R (5.3)

fora — 400, N >1and 1 <k < N —1. So, the maximal asymptotic behavior of F]IV(N is edxn
with dg,,, = M? and dg,,, ., = (M + 1)M. Similarly, if edUNEN is the maximal asymptotic
behavior of [2), we know that dy,x, > di,. On the other hand, it is implied by @) that
UnF jff( N can contribute to the form factor solutions of operators of level (I,1) if and only if
duyky = 1. Since dg,, > 7 for N > 5, our analysis for [ < 7 can involve only N-particle kernel
solutions with N < 5.

In table 3 we list, for each level up to (7,7), all the independent scalar solutions of the form
factor equations supplemented by the asymptotic condition (El). They are given in terms of
the form factors of © and of the kernel solutions labeled as specified in table 4.

The asymptotic properties

. —k (k) (n—k)

aBI—iI-loo € ao-z()n) (xleaa xr Cﬂkeaa Lh415 -+ l’n) =0 (ml? s >xk)o-p—k (xk:-f-la s 73711)’ k<p
. - k

akrfme paal(,") (1%, .., xpe, Tpi1, .., Tn) = O'z() )(3:1, ce T, kE>p

of the elementary symmetric polynomials are useful to check that each kernel solution corre-
sponds to the level indicated in table 3.

Tables 5 and 6 list the scalar descendants of © and I, respectively, up to level (7,7), as
constructed in the previous section by continuing away from criticality the conformal basis.
Notice that, for each level, the total number of independent operators obtained putting together
the two operator families perfectly matches the number of solutions of the form factor boostrap
for that level given in table 3. Hence, the last thing to check in order to show that the solutions
of table 3 span the same space of those of tables 5 and 6 is that the kernel solutions of table 4
can be rewritten as linear combinations of the solutions of tables 5 and 6. This change of basis

is given explicitly in Appendix C.
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0,0 |1y |22 | (3,3) | (4,9) | (5,5) | (6,6) | (7,7)
Fy D.FP | (Do)’ F2 | (D)’ FP | (Dn)'EY | (DW)°FP | (Dn)° FP (D))" FP
Fr{:(Sn,O Frf(g DnFr{Q’ (Dn)QFr{(S (Dn)gFr{(S (Dn)4Fr{<3 (Dn)BFr{(S
FAKs D F s (D) FMS | (D)2 5
FBKs D,F2%s | (D)2 FP*s | (D,)® FPXs
FOKs D, F s
FDKs D, FPKs
E D, F (Dn)? Ffv | (Dn)’ FEs
FAK D, F K
FPKs D, 2K
FOHKe D, FS K
FDKa D, FPKs
FEKs D, FEK
Fl D, FKs
2 1 E | 2 E E 13 13

Table 3: Scalar solutions of the form factor equations. The first line specifies the level, the

D, = ((75

last line the number of solutions.

n-particle asymptotic state.

Kernel solution ‘ Initial condition

FE~ FiN

F (o) o Fi
Fks o) (af’)) Fiﬂ
FHS (af’))z (053))4 Rl
FPK (o87) (o) By
p (o) o i
FBKa aéA‘) 5§4) 2F4K4
F o35t pf

DK <J§4)>3 & pa
FEKs e (554))3 Rl

n)ﬂn)) is m ™2 times the eigenvalue of 90 on the

Table 4: The first column lists the names given to the form factor kernel solutions originating

from the initial conditions specified in the second column.
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(0o ley[@e2 |63 [y [65 (66 @7 |
Y 252 3 33 4 94 5 95 6 56 737
F@ Fgae) F£a® Fgae) F£a® F§a® F§a® F§a®

n

FTIL%4R4@ FanQs@ F§Q55Q5@ F;?QngQQs@

45 50+ 650~ 7520~
RO Ra© FPQs6 | p0*9Qse | poT?Qs6

24 35 A6 2 a7
FTIL%43 C) FnQSa S} F§Q5a (C] Fq? Q500

— —
FRed%® | pQroTe

6 D 70
F;? Re® F;? Q70

Fé:iﬁ RG@ Fé)?@?e

F§Q5R6@ F;?2Q5Q7®

Fffsé@s@ Fr?752©5®

FRE 1 1 | 4 | 4 E 9

Table 5: Scalar operators in the family of © up to level (7,7). The first and last line are as in
table 3.

0o [on]e| 63| @y | G5 | 66 | @1 |
Fl =6, FIT | poOTT | po*0*1T | po*o*TT | pold'TT | po*oPTT

F;?;;S;;TT FSSQSTT

45, 7T QsTT
F;? S4TT F? Qs

ATT 50°TT
F;?‘la TT F,? g

1 o v | 1 [ 1 | 1 | 4 4

Table 6: Scalar operators in the family of I up to level (7,7). The first and last line are as in
table 3.
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6 Conclusion

This paper provides the first extensive study of the operator space of a massive two-dimensional
quantum field theory aimed at the explicit construction of descendant operators. From the
point of view of the S-matrix bootstrap, in particular, we have shown how the identification
of operator subspaces can be realized supplementing the form factor equations with asymptotic
conditions containing the information about the level of the descendants, thus extending what
originally done in [T4} 27, [24] for the primary operators.

The space of solutions generated in this way has been shown to coincide with the off-critical
continuation of the conformal operator space obtained acting with the conserved quantities of
the massive Lee-Yang model on the lowest non-trivial form factor solutions in the two operator
families. The fact that not all the operators beyond level 7 can be generated using the conserved
quantities is the model dependent feature that has determined the extent of our analysis of the
operator space in this paper.

In constructing the composite descendant operators in the operator family of the identity
we found that the proliferation of undetermined coefficients of resonant operators expected on
purely dimensional grounds is actually limited by the structure of the operator space. More
precisely, the requirement that some composite operators remain derivative operators also away
from criticality can indeed be fulfilled by fixing in a unique way the coefficients of some resonant
terms, with the consequence that only the ”primitive” ambiguity contained in the definition of
TT propagates through the operator family up to level 7. This as well as the previous points

deserve to be further investigated in other models.

Acknowledgments. This work was partially supported by the European Commission pro-
gramme HPRN-CT-2002-00325 (EUCLID) and by the COFIN “Teoria dei Campi, Meccanica

Statistica e Sistemi Elettronici”.

A Appendix

Let Q,Q,TT be the off-critical continuation of the descendant Q,Q,L_»L_»I obtained through

the regularization
QQTT(x) = im {[Qn. [@r. T(T()]] - Re,72(x.2)} (A1)

with R g, r7(x,2') such that the above limit is non-singular. Then the matrix elements of

(1)
<6;n s all‘QsQrTT(x)lal ce 6n> =
= lim (0;,...01|{[Qs, [Qr, T (2)T(2")]] — Rg.0.17(T, )} 01...6n) (A.2)

=z
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must be finite for any x. Since

O 041 [Qu [Qr. T@)T@]] 101 6) = (AL (6,..6,) — AD (81, .6)) x
x (AH)( a0 — AL (91,..,9n)> @ .. 0T ()T ()61 ... 0n)

m 1> Ym n
(A.3)
the regularization term is fixed to
RQSQTTT(x,x/) = [Qs, [QT,RTT(x,x/)H + resonances(z) , (A.4)

where Rp7(x,2') is the regularization term () of the operator TT. Putting all together we
have

QsQ,TT(z) = QsQy (TT) (x) + resonances(z), (A.5)

where Q,Q, (TT) is the local field obtained acting with the conserved commuting quantities
QsQ, on the operator ([@1).
B Appendix

Consider a massive two-dimensional field theory without internal symmetries. It was argued
in [24] that in such a case the form factors of a primary operator ®( satisfy the asymptotic

factorization property

lim  E® 0, +a,..,0, + a,0411,...0,) =

a—+00
1
= F2 (01, ..,05) F*°, (O141, -, 60n), (B.1)
(o) "
for k =0,1,...,n. Here we consider the effect of the same limit on the descendant operators

plorsal st (2) = [Qry, [ [Qry, [Qsas [ [y s P (@)]]-]].-]]

obtained acting on ®y with the commuting conserved quantities Qs and Q, (r and s positive

integers). The level of such operators is (I,1) = (Z?:l S, 2221 rj).

The form factors for these operators take the form

Fp i gy, 0,) = (<) ALt 0 (00, 0,) B (61,,0,)  (B2)
where ,
A (g, 6,) = TTASY (61, 60) [T AS™) (61, ... 6,) (B.3)
/J,:l v=1

with A{ defined in &23).
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It follows from (Bl and the asymptotic factorization properties

lim e AP (01 + a, ., 0k + 0, Op1, ., 0p) = Lim e *mi () ety

oo a—+00
+ Z ) = m Zese A(S) s Ok) (B-4)
i=k+1
k
i A( " g g 9 0) = i r —r(0i+a)
a_l)n_’l_oo (1+()é, 5 k;+a, k+15 -+ ) a—l>rr—|l—oom(lzle +
+ Z e‘rei) =m" Z e i = Af;? (Okr1s -5 0n) (B.5)
i=k-+1 i=k+1

that the form factors of ®{s1-seHrime} gatisfy

lim
a——+00

_la @ {s1ssa{r1 e}
e aFn (01+a,..,0k+a,0k+1,..,0n) =

L petnesa g gy mRUT Y (g6 (BG)

~ (@) *
for k = 0,1,...,n. Hence, the form factors of the generic (I,1) descendant Plstsat{re,.m}
factorizes into the form factors of the chiral descendants ®{st-5aH} and @THrLm} of level (1,0)
and (0,1), respectively.

Denote by ® ;) a generic linear combination of the level (I,1) descendants Plstrsal{rL,.m}
of a scalar primary other than the identity. Then (B implies that the form factors of ;)
are homogeneous functions, with respect to the variables z; = €%, of degree | — [ with further
asymptotic behavior

”) (91 +a, eki + Oé,ek+1, sty en) ~ ela (B7)

fora— 4+oo,n>1land 1 <k<n-—1

C Appendix

We give here the expansions of the kernel solutions appearing in table 3 in terms of the solutions
of tables 5 and 6. The kernel solution FX3 arising at level (2,2) is related to FIT by @3).
Throughout this appendix we take ¢ = 0 in (fH). Then we have

A K 454 oA D 353 252
Fn P = 5m§(@> <F,? %6 _ ZFT? R4@> - m61<®>F7? 9°© + m41<@>Fr? o0
(C.1)
B,K3 _ 000 R40%© 1 1 0%e
F = 5m8< ) <F + F ! > mS(O) m*(O)
(C.2)
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S . > . 4 D 393 2 52
FKi — 25m18(@> (F,?484® B ZF1?4R4® tiFRd'e F§4R4@> + m61(9> po*o’e _ m42<®> FP*9% | ﬁFE)

| poOTT | 1 piTT

- m?(6)? (©)27n
(C.3)
for the kernels arising at level (4,4), and
FOR = sy (SFYP0 — 59160 _ qp)9s990 _ ggi )" 09%0 — 90i a0 — 9i )97
4 54 . 4D 353 2 52 5
+—5m8’1<®) <—6F7? 9°0 + ZFT? R4@> + ‘m6329> Fr? o6 m4?29> Fr? 0o + m21<®) Fr?aG
(C.4)
FP = gy (8F°0°0 — 56000 — 7 9e0Q00 4 9 B"0950 1 981450 4 20 a0
1 01910 - R,0'0 3 93930 3 02020 1 000
ey (~OFE7'C — B[00 4 She PO - i PO 4 e I
(C.5)
FiHt = oty (2B°9°0 4 5RJ9MO 1 700050 _ 7y 0050 _ 5 ey 99507
5 . —0°0=0 454 R 45 353 252
+ 5ty (—FTP0 4B 0) + iy (6RO — iRy R0 — 3 BP0 4 i B00
1 000
T m2(0) Fn
(C.6)
FBKs _ _175m112<e> (2 FO°0°0 | 5pRe0Qs0 | qpdQsdQsO _ o, p®dQs0 | ¢, pdQsd%e | g, Fézﬁéﬁe)
a . 55@ 4 74 . 34 3933 2 52
iy (—F07O —iFP7C) 4 gty (6F'TO 1 i) — Zher FYTO 4 e R
1 000
ey I

(C.7)
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PRt = ey (AF2°0°© 4 25FfReRe® 4 g5 Fl1o090 4 g5 RJON60 1 g Rie0@00 _ 140050

1225m12(0)
—10iF R0 + 14079570 + 10iFf‘"’56e> + ey <—Ff?5559 — F#950 4 07 @s0 _ ¢F§555®)
T - (Fr?‘lé‘l@ + pRaRO _pothie | ipf4é4@> T e Fo*%e _ . Fo*0%e - Fo9e
_%FS
(C.8)
FM = sty (10F2°0°€ — 25Ffafsd — 35 pffe020 _ g5 pIasTe0 _ g4y 0000
FAORRSIR | PO TS i) | (g . 14pgeso

1261020 _ 33¢F,?5559> + sk (_3 FRFiO _ i potRi® | 5 F;ﬁ4549> e

252 A
410 po*9%e _ _20 _pode | 10 po |

1 . 4G G 5 0 A
— (Z FOYSITT _ FE4S4TT> n [020°TT

m*(©) m2(©) (©) mi(@)2 " n
10 oOTT 5 TT
—mrertn Tt erls
(C.9)
EK. 6 56 . —~0%900:0 . 6 D 555 . —0°0:0
EPHY = by (12B070 £ 7090 _ 5ip2 RO 4 o (33F70 4 7R 950)
4 54 . 4 D 353 4 4 . 4 g T
+57e) <_7Ff? 70 _3iFY R4®> + moerEn 0+ ssen <Ff? I — iRy S4TT)
(C.10)
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Fis — ooy (—94F2°0°€ 4 95 FfRoRe® 4 35 F1o0950 4 g5 R9M60 . 40050

—49F{09%0 _10i Y R0 — 84 )00 4 10iF 60 4 o (6650770 — 142090

~26iFy 0 + 26iFP7) 4 ks (<TFEY'0 4 RRIO 1 9 FY O _ g pfud'e)

25m8(0)
2 02920 4 000 2 O 1 QrOLTT SuSATT | ;0 S404TT
— ey PO 4 A 00 — (B F9 + gdery (FYOTT 4 FSITT 4 g
. 4 Q A 2 52 T A 1 T
—iF? S4TT> _ m4<1®)2F7? PTT 4 m2?e>2F$8TT _ WFnTT

(C.11)

for the kernels arising at level (6,6).
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